Abstract: Higher brain dysfunction due to traumatic brain injury (TBI) caused by head rotational impact in traffic accidents is one of the most serious automotive safety problems. However, the injury mechanism still remains unclear. In this study, we developed two human head finite element (FE) models based on THUMS for further understanding of TBI mechanism. Parametric studies were performed to investigate the factors affecting brain tissue displacements and intracranial pressures during head impact by using these models. The mesh fineness, material properties of cerebrospinal fluid (CSF) and contact conditions between brain parenchyma and surrounding external organisation had little influence on validation accuracy against test data on brain responses of post mortem human subjects (PMHS). However, there were significant differences in the values of cumulative strain damage measure (CSDM) and the contours of strain distribution between these models. These findings have the potential for better understanding of TBI mechanism.
Introduction
Head injury is still the major cause of death and disability in traffic accidents. In particular, higher brain dysfunction due to traumatic brain injury (TBI) caused by head rotational impact is focused nowadays. Diffuse axonal injury (DAI) is assumed as the main cause of brain dysfunction in TBI (Asano et al., 2012) , but the detail of injury mechanism still remains unclear. Since DAI is related to mechanical damage in brain tissue as well as functional damage, which is often not apparent even in medical image diagnosis, the injury cannot be reproduced in Post Mortem Human Subject (PMHS) tests. The prediction analyses of strain distribution and pressure transition in brain parenchyma by using human head and brain finite element (FE) model are expected to be useful for understanding of TBI mechanism.
Several researchers have developed human head FE models so far, for example, the Wayne State University Head Injury Model (WSUHIM) (Zhang et al., 2001) , the Simulated Injury Monitor (SIMon) by the National Highway Traffic Safety Administration (NHTSA) (Takhounts et al., 2008) , the ULP model by Strasbourg Univ. (Willinger et al., 2003) , the human head FE model from Global Human Body Models Consortium (GHBMC) (Mao et al., 2013) and Total HUman Model for Safety (THUMS) by Toyota Central R&D Labs., Inc. and Toyota Motor Corporation. They have tried to elucidate the DAI mechanism by prediction analyses of strain or pressure distribution in brain tissue with these human head FE models in recent decades. However, there are some structural and mechanical differences among these models. From the viewpoint of mesh fineness, the number of elements in each model varies from several ten thousands to several hundred thousands. The mesh size in brain parts also differs. In addition, the mechanical properties in brain parenchyma are generally modelled as isotropic viscoelastic materials, but the details of material constants in these models are different from model to model. Moreover, the connection state between brain parenchyma and skull, which includes cerebrospinal fluid (CSF), arachnoid, dura, pia, blood vessel and so on, is also described in various ways. The number of elements tends to be huge and the connection with shared nodes is mainly introduced in some recent developed models. Compared to these models, the head FE model in THUMS Ver. 3 consists of relatively large size of elements and adopts slightly stiff material properties in brain parenchyma parts (Kimpara et al., 2006) . Takhounts et al. (2008) proposed cumulative strain damage measure (CSDM) as an indicator of brain injury by using a brain FE model for the purpose of quantitative evaluation of brain injury. The CSDM means the cumulative volume fraction of brain tissue elements experienced arbitrary maximum principal strain. Brain Injury Criterion (BrIC) was also developed by Takhounts et al. (2013) . The BrIC is calculated by using the maximum head angular velocity and has a clear correlation with the CSDM. However, when loaded with the same impact conditions against different head FE models, it is still unclear whether the CSDM results differ or not.
In this study, we performed parametric studies by using head FE models for the purpose of investigation about the effect of differences in element size and material properties on prediction accuracy of brain tissue displacement, pressure and CSDM during head impact. Two models were prepared; one is a somewhat rough mesh model based on THUMS Ver. 3 (Kimpara et al., 2006 ) with a few modifications, and the other is a fine mesh model with the connection by shared nodes in the whole brain. The former is already mounted as the head model in THUMS Ver. 4.01, and the latter will be introduced to THUMS Ver. 4.02, respectively. Then, CORrelation and Analysis (CORA) method (Gehre et al., 2009; 2011) was applied for quantitative validation of prediction accuracy about brain response. The values of CSDM were also compared between these two models as the degree of brain injury. The nonlinear explicit finite element code LS-DYNA Ver. 971 Rev. 610 (LSTC, USA) with MPP in single precision was used for all simulations in this study.
Methods

Preparation of head FE model
Two human head FE models were developed in this study. Figures 1 and 2 show the midsagittal section view and the coronal section view of these models, respectively. 'Model A' is an advanced model from the head model of THUMS Ver. 3 (Kimpara et al., 2006) , which is already mounted to THUMS Ver. 4.01. The brain part consists of cerebrum, cerebellum, stem, dura, arachnoid, pia, falx, CSF, superior sagittal sinus and so on. Although the mesh size and fineness are almost the same as THUMS Ver. 3, contact conditions and material properties are modified as below: (i) the gap between skull base and dura was filled up by hexahedron elements for computational stability; (ii) the meshes in connecting regions between cerebrum and brain stem were refined so as to follow the anatomy; (iii) short-time shear modulus G 0 of viscoelastic material model applied to brain parenchyma was modified from 12.5 kPa to 6.0 kPa, referring to the previous study by Kleiven et al. (2002) ; (iv) bulk modulus K in CSF was modified from 2.2 GPa to 2.2 MPa, referring to SIMon (Takhounts et al., 2008) ; and (v) 'tied contact' from LS-DYNA contact type between dura and arachnoid in cerebrum was replaced to connection with shared nodes to avoid small reaction force in unloaded situation due to the variability of contact judgement. In addition, 'tie-break contact' is also used around cerebellum and falx in Model A as indicated with frames in Figure 2 (a). It should be noted that the 'tie-break contact' used in this study can be almost treated as 'tied contact', because the input accelerations are not so severe as peelings or slidings at brain surface will occur. The main difference in material properties of brain parenchyma between two models is the decay constant β of viscoelastic material model. The value of β affects the time history of shear modulus, i.e. the shear property in Model B is softer with increasing of time than that of Model A as shown in Figure 3 . Furthermore, bulk modulus in CSF is also modified to 2.2 GPa again in Model B. The summary of comparisons of features between two models is shown in Table 1 .
Simulation setup
Simulations were performed by using PMHS data from the literature for comparison of the differences between Model A and Model B in the mechanical response such as brain tissue displacement and intracranial pressure during head impact. In this section, the simulation setups are described. As described above, the nonlinear explicit FE code LS-DYNA Ver. 971 Rev. 610 (LSTC, USA) with MPP in single precision was used for all simulations. Firstly, the validation of each model against brain tissue displacements during head impact was performed referring to PMHS tests presented by Hardy et al. (2001) . They observed the behaviours of neutral density targets (NDT) inserted in several places of the brains of PMHS by using bi-planar X-ray system during various head rotational impacts. Three cases of test conditions were reproduced in this study: forward rotation assuming frontal impact (C755-T2); backward rotation assuming rear impact (C383-T1); and lateral rotation assuming left side impact (C291-T1). Figure 4 indicates the outlines of input accelerations and measuring points in each case. The peak linear and angular accelerations are 200 m/s 2 and 1.8 krad/s 2 in C755-T2, 400 m/s 2 and 2.3 krad/s 2 in C383-T1, 330 m/s 2 and 7.4 krad/s 2 in C291-T1, respectively. In addition, the materials of cortical bone inside skull were replaced by a rigid body for the purpose of defining the centre of gravity (C.G.) as the centre of rotation. It should be noted that the position of C.G. is slightly different from the previous study by Kimpara et al. (2006) , where the C.G. is defined by only brain part. The position of C.G. in this study is set as the intersection of midsagittal section and the line connecting both ear holes, which corresponds to the C.G. of whole head. Then, displacements of the nodes corresponding to NDT predicted by each model were calculated as relative displacements to the C.G. and compared with those of experimental data.
Secondly, the pressures at several points in brain during forehead impact were validated against PMHS tests by Nahum et al. (1976 Nahum et al. ( , 1977 . Figure 5 shows the simulation setup. Nahum et al. (1976 Nahum et al. ( , 1977 measured head accelerations and intracranial pressures at five places in brain during forehead impact, tilting Frankfurt anatomic plane of the head of PMHS by 45 degree. In this study, the velocity calculated from head acceleration in cadaver test was used as forced input velocity to the skull surface of head model because there was no description about material property of impactor in the literature. 
Frankfurt Anatomic Plane Measuring Points
Finally, the validation against pressures and accelerations at several points in brain during head impact were performed referring to PMHS tests presented by Trosseille et al. (1992) . They measured head accelerations, intracranial pressures and brain tissue accelerations during impact by steering wheel-shaped impactor in a striking speed of 7 m/s. Figure 6 shows the simulation setup. The filled and unfilled markers in Figure 6 indicate the measuring positions of brain pressures (frontal, parietal, occipital, 3rd ventricle and lateral ventricle regions) and brain tissue accelerations (frontal lobe, occipital lobe and lenticular nucleus), respectively. In this study, the case of MS428-2, which was the most severe case of six test data in the literature, was picked up for validation and the linear and angular acceleration obtained in the test were loaded to the skull. The maximum values of linear and angular accelerations in MS428-2 were 1000 m/s 2 and 7600 rad/s 2 , respectively. As described above, the materials of cortical bone inside the skull were modelled as rigid body. 
Data analyses
CORrelation and Analysis (CORA) method was used for quantitative evaluation of prediction accuracy from simulation results. CORA method was proposed by Gehre et al. (2009 Gehre et al. ( , 2011 for the purpose of evaluating the overall degree of coincidence objectively between the simulation results and experimental data. It is composed of a combination of 'Corridor method' and 'Correlation method'. 'Corridor method' is a method evaluating the degree of convergence of simulation results into the range of experimental result. On the other hand, 'Correlation method' evaluates the result in terms of cross correlation, size and phase shift. These two methods mutually compensate the lack of evaluation ability with each other.
In this study, CORA release 3.6 was used in data analyses. Parameters controlling evaluation were set in default values with the exception of 'A_EVAL' adjusting the range of target time history data. The weights of cross correlation, size and phase shift in correlation method were set to 0.50, 0.25 and 0.25, respectively. Then, the weights of corridor method and correlation method in total evaluation of CORA were both 0.50. In addition, CSDM (0.25) was also calculated as the brain injury criterion. The value of 0.25 in parenthesis indicates the strain threshold to compute CSDM (Takhounts et al., 2008) . Although displacements of both simulation results tend to be larger than those of experimental data, especially at a5 or p5 in C755-T2 and C291-T1, both models reasonably reproduced the general behaviour of brain tissue in experimental data. Significant differences between Model A and Model B were almost not apparent with regard to overall trajectory of brain NDT markers in Figures 7 to 9 . However, we found that displacements of Model A tend to be slightly larger than those of Model B, especially in C755-T2 as shown in Figure 10 .
Results
Brain tissue displacement during head rotational impact
Figure 13
Comparisons of total rating points calculated by CORA method against head rotational impact simulation in the cases of C755-T2, C383-T1 and C291-T1 between Model A and Model B
The degrees of coincidence between experimental data and simulation results were quantitatively evaluated by using CORA method. Figure 13 indicates comparisons of total rating points of CORA between Model A and Model B in each simulation case. In the case of forward rotational impact (C755-T2), the evaluation of Model B was slightly inferior to that of Model A as shown in Figure 13 (a). The number of items of total rating point with 'Fair and more' decreased from six of Model A to five of Model B. The average value of total rating point also reduced from 0.392 of Model A to 0.362 of Model B. In addition, the values of CSDM (0.25) were 3.5% in Model A and 0.2% in Model B, respectively. In the case of backward rotational impact (C383-T1), the evaluation between two models was different by each NDT as shown in Figure 13 In the case of lateral rotational impact (C291-T1), most of items did not reach to 'Fair' in both models as shown in Figure 13(c) . However, the number of items with 'Fair' and the average value of total rating point in Model B slightly increased compared to those in Model A. Additionally, the values of CSDM (0.25) were 0.4% in Model A and 0.0% in Model B, respectively. Figure 14 shows comparisons of pressure distribution in brain between Model A and Model B at 5.5 msec. In both models, changes in pressure at frontal region corresponding to the struck side tended to be high, while those at the counter side were low. In addition, Figure 15 indicates comparisons of time history curves on changes in intracranial pressure at five measuring points between Model A, Model B and experimental data obtained from PMHS tests by Nahum et al. (1976 Nahum et al. ( , 1977 . Figure 16 indicates comparisons of total rating points of CORA between two models. As shown in Figure 16 , the points of frontal and right occipital pressures in Model B during forehead impact increased from Model A, while those of posterior fossa decreased. The average value of rating point in Model B was superior to that in Model A.
Intracranial pressure during forehead impact
Figure 16
Comparisons of total rating points calculated by CORA method against forehead impact simulation based on tests by Nahum et al. (1976 Nahum et al. ( , 1977 between Model A and Model B Figure 17 indicates comparisons of time history curves of changes in pressure at frontal, parietal, occipital, 3rd ventricle and lateral ventricle regions during head impact between Model A, Model B and experimental data obtained from PMHS tests by Trosseille et al. (1992) . The legends in these graphs are the same as those in the previous section. We found that magnitudes of pressures in each region calculated with Model A tend to be larger than those with Model B. In this study, frontal linear accelerations in global coordinate system were extracted because of the lack of detail description about the direction of acceleration in brain tissue. As shown in Figure 18 , both models reasonably reproduced the acceleration curves in experimental data. In addition, significant differences between two models were not found with the exception of time lag of the second peak acceleration in lenticular nucleus. Figure 19 indicates comparisons of total rating points of CORA between two models. As shown in Figure 19 , the point of frontal pressure in Model B was significantly increased from that of Model A. The number of items with 'Fair and more' also increased from six of Model A to seven of Model B. On the other hand, the evaluation of parietal pressure was still 'Marginal'. Comparisons of total rating points calculated by CORA method against head impact simulation based on tests by Trosseille et al. (1992) between Model A and Model B
Intracranial pressure and acceleration during head impact
The values of CSDM (0.25) were 20.6% in Model A and 9.2% in Model B, respectively. The summary of total rating points of CORA and the values of CSDM (0.25) in each simulation between two models is in Table 2 . 
Discussion
The tendency of comparatively larger displacements found in head rotational simulation by Model B than those by Model A, especially in C755-T2, could be caused by the difference of decay constant β in viscoelastic material model. The value of β was modified from 0.06/sec in Model A to 80/sec in Model B. Therefore, shear modulus in brain parenchyma was rapidly lowered as shown in Figure 3 . In addition, the fine mesh in Model B could also contribute to the softness of shear property.
The maximum values of change in intracranial pressure, which are considered to correlate with the occurrence of brain contusion, approached experimental data of Nahum et al. (1976 Nahum et al. ( ) (1977 by using Model B as indicated in Figure 15 . The differences of pressure in each region of brain between Model A and Model B during head impact could be caused by modification of material properties in the CSF. More precise modelling about the CSF may lead to increase the validation accuracy of the brain model against experimental data.
In the case of head impact simulation based on tests by Trosseille et al. (1992) , total rating point of CORA about frontal pressure in Model B was significantly increased from Model A, but the evaluation of parietal pressure was still 'Marginal'. We may have to take account of blood or CSF pressure with considering that major vein is close to parietal region. Table 2 shows the summary of total rating points of CORA and the values of CSDM (0.25) between two models. The rating points in Model B slightly increased compared to those in Model A with the exception of C755-T2, but there were no such differences in terms of sliding scale on five stages of evaluation. On the other hand, the values of CSDM calculated by Model B were smaller than those by Model A. These results indicated that the different values of CSDM were obtained even between two models whose the validation accuracy were mostly the same level. Although the concrete criterion on the CSDM has not been defined yet, the decisions of brain injury by CSDM could comparatively depend on the characteristics of each brain FE model. Figure 20 shows comparisons on the maximum principal strain distribution between two models in the case of C755-T2 at the moment of peak strain. In both models, significant strain concentrations were found around the deep area of brain corresponding to the corpus callosum, which is suggested as the characteristic injury region of higher brain dysfunction (Asano et al., 2012) . In addition, comparatively large strain was also observed at midsagittal plane and around brain surface in Model A, while this tendency was not occurred in Model B. Thus, the values of CSDM calculated by Model A also tended to be higher than those by Model B as shown in Table 2 . As described previously, 'tie-break contact' is applied around falx in the midsagittal plane of Model A. Therefore, larger strain was found at the midsagittal plane due to the deformation of brain surface caused by the displacement of falx. Furthermore, the difference of decay constant β of viscoelasticity between these models was assumed to contribute to strain distribution, i.e. time dependency of brain parenchyma could affect the load transfer mechanism from the surface of brain to the deep area. The material properties of CSF were also suggested to affect the strain distribution at the brain surface. Further studies are needed to elucidate the influence of characteristic features of CSF on brain parenchyma and the contribution of impact duration to the mechanical response in the brain. 
Conclusion
In this study, we developed brain FE models based on THUMS for the purpose of enhancing the injury prediction accuracy of brain FE model, which is essential for better understanding of TBI mechanism. Influential factors on the brain tissue displacements, intracranial pressures and the values of CSDM during head impact were investigated by using the proposed FE models. As a result of head impact analyses, we found that the mesh fineness, material properties of CSF and contact conditions at the surface of brain parenchyma scarcely affected the accuracy of validation against PMHS test data about brain responses. However, significant differences in the values of CSDM and the contours of strain distribution were observed between these models. In other words, the existing criteria of brain injury could comparatively depend on the characteristic features of each brain FE model. Although future studies such as accurate modelling of CSF or blood vessel and investigating the influence of impact duration are needed, these findings in this study have the potential for further understanding of TBI mechanism and achievement of more accurate brain injury prediction.
